(PCI) leads to more rapid and sustained infarct-related artery patency, and has become widely accepted as the optimal reperfusion modality in STEMI. It has also been suggested that STR may be inversely related to infarct size, and can be used to compare the relative efficacy of different therapies at the time of PCI.
C onsiderable research has been devoted to risk stratification in patients with acute ST-segment-elevation myocardial infarction (STEMI). 1, 2 The presence of ST-segment resolution (STR) within the first 60 to 120 minutes after both pharmacological and mechanical reperfusion therapy is highly predictive of infarct-related artery patency and the degree of effective microvasculature perfusion. 3 Compared with fibrinolytic therapy, primary percutaneous coronary intervention
We therefore sought to evaluate the correlation of the degree of STR with late adverse cardiovascular events in the large-scale Harmonizing Outcomes with Revascularization and Stents in Acute Myocardial Infarction (HORIZONS-AMI) trial, and to determine whether there were differences in the degree of STR between the different antithrombotic and stent therapies out of 3 years of follow-up.
Methods

Trial Design
Before angiography, 3602 patients with ongoing STEMI (ST-segment elevation of ≥1 mm in at least 2 contiguous leads, or new onset left bundle-branch block or true posterior infarction) and symptom onset <12 hours were prospectively assigned to bivalirudin versus heparin plus a glycoprotein IIb/IIIa inhibitor (GPI; 1:1 randomization). After angiography, eligible patients were randomized again to TAXUS Express paclitaxel-eluting stents (PES) versus Express baremetal stents (BMS; 3:1 randomization). The patient eligibility criteria, design details, and primary results of both randomization arms have been previously published. 5, 6 The present report represents the principal results from the prespecified formal electrocardiographic substudy of the Harmonizing Outcomes with Revascularization and Stents in Acute Myocardial Infarction (HORIZONS-AMI) trial.
Electrocardiographic Procedures
Per protocol, standard 12-lead ECG was performed at baseline (at the time of qualification for the trial) and 60 minutes after the completion of revascularization with PCI. ECGs were also obtained at hospital discharge and at 1 month and 1 year after discharge. All ECGs were interpreted at the ECG Core Laboratory at the Cardiovascular Research Foundation in New York, NY, by independent trained and certified faculty readers who were blinded to the randomized assignments and patient outcomes. ST-segment deviation was evaluated using standardized techniques. 7 In brief, the J point was manually identified to the nearest 0.5 mm in all leads except aVR. Using the TP segment as the isoelectric baseline, the extent of ST-segment elevation to the nearest 0.05 mV was measured 80 ms after the J point. STR was calculated by the reduction in the sum of the ST-segment elevation in all leads except aVR from the baseline ECG to the 60-minute ECG. The director of the ECG Core Laboratory (J.R.) monitored quality control by randomly evaluating 10% of study ECGs as a second reader for accuracy by repeat measurement. This process confirmed >95% accuracy.
All trial patients in whom primary PCI was performed and in whom both baseline and 60-minute post-PCI ECGs were available and interpretable were included in the present analysis. We excluded patients with left bundle-branch block at baseline, paced ventricular rhythm, and patients without ST-segment elevation in ≥2 contiguous leads. Patients were categorized into the following groups by the degree of STR on the 60-minute post-PCI ECG: (1) complete STR (>70%); (2) partial STR (30%-70%); and (3) absent STR (<30%). Under the category of absent STR, we identified a subgroup with <0% STR (ie, further ST-segment elevation).
Outcome Measures
The present study represents a prespecified substudy, but without powered end points. The clinical end points of interest for the HORIZONS-AMI STR study were the 30-day and 3-year rates of composite major adverse cardiovascular events (MACE), consisting of mortality, reinfarction, ischemia-driven target vessel revascularization (TVR) or stroke, as well as the individual components of MACE and stent thrombosis, each of which were adjudicated by an independent clinical events committee blinded to randomization arm and STR.
Statistical Analysis
Baseline patient characteristics were summarized as medians with 25th and 75th percentiles for continuous variables and percentages for dichotomous variables. For continuous variables, comparisons were made using the Wilcoxon rank-sum test, whereas for dichotomous variables, comparisons were made using the χ 2 test or Fisher exact test. Event analyses were performed using time-to-event data (for which patients were censored at the time of withdrawal from the study or at last follow-up), are displayed using Kaplan-Meier plots, and were compared with the logrank test. Multivariable predictors of 30-day and 3-year outcomes were determined using Cox proportional hazards regression with entry and stay criteria of 0.1. To avoid overfitting, the following variables considered to be among the most important determinates for outcomes after primary PCI were considered in the multivariable models: age, sex, diabetes mellitus, baseline Killip class (I versus II-IV), baseline hemoglobin, baseline white blood cell count, baseline platelet count, baseline creatinine clearance, time from symptom onset to PCI, number of diseased epicardial coronary vessels, infarct artery (left anterior descending versus nonleft anterior descending), baseline thrombolysis in myocardial infarction flow (0/1 versus 2/3), prerandomization heparin use (yes versus no), thienopyridine loading dose (clopidogrel 600 mg versus other), randomization arm (bivalirudin versus heparin plus a GPI), final thrombolysis in myocardial infarction flow, final blush score, stent type and STR (forced into the model). The following additional variables were added to the models for 3-year ischemia-driven TVR: the number of lesions treated, lesion reference vessel diameter, and lesion length, using a Cox proportional hazards marginal model with robust sandwich covariance estimates to correct for possible clustering effects. For all analyses, P<0.05 was considered significant, and all P values are 2-sided. All analyses were performed with SAS version 9.2 (SAS Institute, Inc., Cary, NC). P values for pairwise comparisons were adjusted using the Sidak correction.
Results
Study Patients and Baseline Characteristics
Of the 3602 patients enrolled in the HORIZONS-AMI trial, 3345 patients underwent primary PCI. From this group, both
WHAT IS KNOWN
• The presence of ST-segment resolution within the first 60 to 120 minutes after both pharmacological and mechanical reperfusion therapy is highly predictive of infarct-related artery patency and the degree of effective microvasculature perfusion.
• Compared with fibrinolytic therapy, primary percutaneous coronary intervention leads to more rapid and sustained infarct-related artery patency, and has become widely accepted as the optimal reperfusion modality ST elevation myocardial infarction.
• ST-segment resolution may be inversely related to infarct size, and can be used to compare the relative efficacy of different therapies at the time of percutaneous coronary intervention.
WHAT THE STuDy ADDS
• Absent ST-segment resolution 60 minutes after primary percutaneous coronary intervention was present in ≈1 in 5 patients with ST elevation myocardial infarction.
• ST-segment resolution was a significant independent predictor of major adverse cardiovascular event and target vessel revascularization at 3 years. baseline and post-PCI 60-minute ECGs were available in 2671 patients (79.8%). We excluded another 187 patients because of the absence of ST-segment elevation of ≥1 mm in at least 2 contiguous leads (n=185) or left bundle-branch block (n=2).Thus, the final study cohort consisted of 2484 patients, in whom STR of <30%, ≥30% but ≤70%, and >70% were achieved in 514 (20.7%), 712 (28.7%), and 1258 (50.5%) of patients, respectively.
The baseline demographic and laboratory characteristics of the study cohort according to the STR achieved at 60 minutes are presented in Table 1 . When compared with the patients with complete (>70%) STR, those with absent (<30%) STR were more likely to have diabetes mellitus, hypertension, hyperlipidemia, be current smokers, and have a history of previous angina. Angiographic data and procedural results according to STR are presented in Table 2 . Patients with STR<30% had longer door-to-balloon times, were more likely to have a left ventricular ejection fraction <40%, and were less likely to achieve final thrombolysis in myocardial infarction-3 flow in the infarct-related artery (82.2% versus 90.8%; P<0.0001). There were no baseline differences between randomization arms (bivalirudin versus heparin plus a GPI) in the patients analyzed in this prespecified substudy. The overall loss to follow-up rate was 7.7% at 3 years with no significant differences between the 3 categories of STR.
Patient Outcomes According to 60-Minute STR
Acute (within 24-hour) stent thrombosis was less common in those with STR>70% compared with those with STR<30%, 0.5% versus 1.4%, P=0.04. Event rates after hospital discharge according to the degree of STR on the 60-minute post-PCI ECG are shown in Table 3 and Figure 1A through D. At 30 days, the rate of MACE was the highest in patients with absent STR, intermediate in patients with incomplete STR, and the lowest in patients with complete STR. The 30-day rates of death, reinfarction, ischemia-driven TVR, and stent thrombosis were also the highest in patients with absent STR. Similar patterns according to STR were present at 3 years. By multivariable analysis, STR<30% on the 60-minute post-PCI ECG was an independent predictor of the 3-year rate of MACE and ischemia-driven TVR, but not of mortality or reinfarction (Table 4 ). There was a strong trend toward increased stent thrombosis with STR<30%, but this did not reach statistical significance. Among 950 patients with 1128 lesions undergoing routine 13-month angiographic follow-up, binary in-segment restenosis was present in 9.6%, 14.6%, and 19.1% of patients with complete, partial, and absent STR, respectively (P<0.001).
Patients With Worsening ST-Segment Elevation
A total of 198 patients (8.0%) had worsening ST-segment elevation (STR<0%) on the 60-minute ECG after PCI compared with baseline. When compared with the 313 patients with STR 0% to <30%, those with worsening ST-segment elevation post-PCI had higher 30-day rates of ischemia-driven TVR (5.1% versus 1.6%; P=0.02), with nonsignificantly different rates of death 3.0% versus 3.2%; P=0.92), reinfarction (3.6% versus 2.6%; P=0.50), and MACE (9.6% versus 6.4%; P=0.17).
Impact of Antithrombotic Therapy and Stent Type on STR
The rates of complete, partial, and absent STR at 60 minutes were not significantly different in patients randomized to bivalirudin versus heparin plus a GPI (Table 5) . Similarly, there were no significant differences in the rates of STR with randomization to PES versus BMS (Table 5 ).
Discussion
The usability of STR in STEMI as a prognostic tool was well established in the thrombolytic era. 1 The role of STR in the contemporary primary PCI era has been less well characterized because of limitations in earlier PCI studies, including the nonroutine use of stents, the lack of data with drug-eluting stents, failure to prospectively standardize the timing of postreperfusion ECGs, and relatively short-term follow-up. [8] [9] [10] [11] The present report, representing a formal, prespecified substudy from the contemporary, international, prospective, randomized HORIZONS-AMI trial, overcomes many of these limitations. Strengths of the present study include its large size, standardization of baseline and 60-minute post-PCI ECG collection, use of a blinded ECG core laboratory, randomization of patients to bivalirudin as well as heparin plus GPI (the former recommended with a class Ib level of evidence in both the United States and European Union guidelines), 12, 13 as well as randomization to PES versus BMS, and clinical follow-up to 3 years. As such, the HORIZONS-AMI STR substudy is the largest data set to date examining the long-term prognostic usability of STR after primary PCI in STEMI. The results of the present study demonstrate that the degree of STR on the 60-minute ECG is a significant, independent predictor of MACE as long as 3 years after primary PCI. And notably, there were no significant differences in postprocedural STR in patients randomized to bivalirudin versus heparin plus a GPI, or PES versus BMS.
Previous studies have examined the prognostic value of STR after primary PCI in STEMI, with conflicting results. The CADILLAC investigators reported that the degree of STR after balloon angioplasty and BMS were independent predictors of both 30-day and 1-year death and reinfarction. 11 The Assessment of Pexelizumab in Acute Myocardial Infarction (APEX-AMI) investigators found that the degree of STR after primary PCI correlated well not only with the 90-day rate of mortality, but also with the combined end point of death, heart failure, or shock.
14 A real-world registry from northern Italy has also recently reported that the degree of STR at 60 minutes post-PCI was an independent predictor of 30-day mortality in 3403 patients with STEMI. 15 In contrast, the DANAMI-2 investigators compared the long-term prognostic value of STR in 1421 patients treated with fibrinolysis compared with primary PCI, finding that STR at 90 minutes was an important predictor of short-and long-term (4.2 years) mortality after fibrinolysis but not after PCI. 4 Whether the differences between this and previous studies relate to patient selection, ECG analysis methodology, or the examination of outcomes at an early versus late time point is uncertain. Nonetheless, this report raised uncertainty as to the long-term prognostic value of STR after primary PCI in STEMI.
In the present study, the degree of STR measured 60 minutes post-PCI in 2484 patients with STEMI was an independent predictor of 3-year MACE and ischemia-driven TVR. Angiographic restenosis at 13 months was also greater in patients with lesser degrees of STR, supporting this finding. Further studies are required to determine the mechanisms underlying the greater degree of clinical and angiographic restenosis in patients with suboptimal STR after primary PCI. STR was a predictor of 3-year mortality in univariable analysis, but not after adjustment for important baseline differences between the groups, including diabetes mellitus, reduced left ventricular ejection fraction, and longer symptom onset to balloon time, all of which were more frequent in patients with absent STR after PCI. The degree of STR was also related to the occurrence of reinfarction at 30 days (similar to our previous findings from CADILLAC), but in the present study, absent STR was not a significant predictor of reinfarction at 3 years by either univariable or multivariable analysis. The higher rates of stent thrombosis observed in patients with absent STR both at 30 days and 3 years are a novel finding that requires validation in future studies.
Three issues that deserve discussion are the timing of the post-PCI ECG, the degree of STR, and the method of STR determination. In the HORIZONS-AMI trial, STR was assessed 60 minutes after the final angiogram, compared with 30 minutes earlier in APEX-AMI. In patients undergoing PCI, both time points seem to be clinically useful given the high rates of epicardial coronary artery patency achieved early after PCI (compared with the stuttering degree of reperfusion after lytic therapy, which does not plateau until ≈90 minutes). Which of these time intervals (30 versus 60 minutes post-PCI) has greater prognostic accuracy is unknown. With regard to the thresholds for the degree of STR, both the triple categorization of <30%, 30% to 70%, and >70% resolution and the binary outcome of <50% or >50% 12 seem to be useful to predict future cardiovascular events. In HORIZONS-AMI, the binary categorization of STR<30% versus ≥30% seemed optimal for predicting death and MACE in short-and long-term follow-up. Finally, several previous studies have investigated whether single or numerous leads should be used to assess STR, and whether the absolute or relative amount of STR has the greatest prognostic utility after primary PCI. 11, 12 In the present analysis, the summation of ST-segment elevation in all leads, excluding aVR, was prognostically useful. Further work in this area to determine the simplest technique, which has acceptable accuracy, is warranted. A unique aspect of our trial was the determination of the degree of STR in patients randomized to bivalirudin versus heparin plus a GPI, and to PES versus BMS, and the examination of the extent to which this explains the long-term outcomes between these therapeutic interventions. At 60 minutes post-PCI, the rates of complete (>70%), partial (30%-70%), and absent (<30%) resolution were not significantly different between the 2 anticoagulation regimens and the 2 stent types. However, despite having similar rates of STR, bivalirudin significantly decreased all-cause mortality compared with heparin plus a GPI at both 30 days and 3 years, without significant differences in MACE, reinfarction, and TVR. 5, 16 The mechanism for the survival benefit of bivalirudin likely relates more to its ability to reduce major bleeding 17 than to restore microvascular perfusion, which is what STR gauges. Similarly, PES compared with BMS reduced MACE and TVR at 1 and 3 years, 6, 16 despite both stent types having comparable rates of STR, which itself was also an independent predictor of both MACE and TVR. These disparate findings highlight the numerous mechanisms that must be considered to understand (and therefore optimize) the long-term prognosis after primary PCI in STEMI. These directionally incongruent results also demonstrate that STR may not be a perfect surrogate for clinical outcomes in STEMI, although early and late patient prognosis is more likely to be favorable if complete STR early after reperfusion is achieved.
Limitations and Implications
A small but not negligible proportion of patients did not have both baseline and 60-minute ECGs available for interpretation. Because the analysis of STR was done by a core laboratory with ST evaluated at 80 ms in numerous leads, it may or may not reflect what would be seen in bedside assessment that is less rigorous. We did not use continuous ST-segment monitoring, which might have permitted analysis of STR at different time intervals and permitted analysis of ST-segment instability. Finally, as a nonpowered observational study, the results from the present analysis should be considered hypothesis generating. Nonetheless, rapidly restoring effective myocardial metabolism is a major goal of reperfusion therapy in STEMI, and the results of the present study confirm that evaluation of the 60-minute postintervention ECG can be used to assess the success of the primary PCI procedure and provide independent prognostic information for at least 3 years after presentation.
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